INTRODUCTION
Pneumocystis carinii (PC) pneumonia is a leading cause of pulmonary morbidity and mortality in immunocompromised individuals, especially in HIV-infected patients [1] . Current concepts suggest that the initial stages of PC infection involve attachment of PC organisms to the alveolar epithelium [2] [3] [4] [2] [3] [4] [5] . The mechanisms involved in this preferential attachment are currently unknown.
Type I alveolar epithelial cells are highly specialized cells lining the alveolar wall and are essential for optimal gas exchange [6] . Type I cells are end mitotic cells which are presumably derived from differentiation of alveolar type II cells [7] . In vitro studies of type I cells have been limited by difficulty in isolation [8] and growth of these cells in culture.
Alveolar type II cells have been isolated and studied in vitro for many years [9] [10] . Under standard tissue culture conditions, type II cells quickly lose their native cuboidal morphology and develop a type I cell-like appearance [11] . Recent studies have demonstrated that these in vitro differentiated type II cells (putative type I cells) express many of the same surface antigens as type I cells in vivo [12] [13] [14] . Therefore, in vitro differentiated type II cells may provide a model for examining the cell surface characteristics and function of type I cells in vitro.
Previous work from our laboratory has demonstrated the importance of the extracellular matrix protein fibronectin (Fn) and host cell surface Fn-binding integrins as mediators of PC attachment to a lung epithelial cell line [15] [16] [17] [18] POTTRATZ AND WEIR 5-7 days after beginning dexamethasone immunosuppression. PC trophozoites were harvested 6-8 weeks following inoculation when the rats had severe PC pneumonia. PC organisms were obtained by whole lung lavage and then purified by differential centrifugation. The presence of PC cysts and trophozoites was verified using Gomori methenamine silver stain and Diff-Quik stain. A typical rat yielded 10-20 x 106 trophozoites. Examination of the final trophozoite suspension showed that PC organisms represented 97-98% of cellular material in the suspension. Any samples containing bacterial, fungal, or inflammatory cell contamination were discarded.
Type II alveolar epithelial cell isolation and culture. Rat type II cells were isolated from pathogen free Sprague-Dawley rats (200-225 g) using a standard protocol as described by Dobbs [19) . Rats were anesthetized with an intraperitoneal injection of pentobarbital (10 mg/kg) and heparin (400 U/kg). The abdominal cavity and chest were opened, the inferior vena cava was cut, and the lungs were perfused with 20 ml of perfusion solution (140 nth/ NaCl, 5 mM MCI, 2.5 mM sodium phosphate, 10 mM Hepes, 2 mM CaCl2 , and 1.3 mM MgSO4) via the pulmonary artery. The lungs were then lavaged via an intratracheal catheter with 6-ml aliquots of lavage solution (140 mM NaCI, 5 mill MCI, 2.5 mM sodium phosphate, 10 mill Hepes, 6 mill glucose, and 0.2 mM EGTA at pH 7.40), followed by 6 ml of perfusion solution and 8 ml of elastase (United States Biochemical) solution (perfusion solution plus 20 U/ml porcine pancreatic elastase). The lungs were then incubated at 37° for 20 mM with 8 ml of fresh elastase solution added at 5-mM intervals during the incubation. Following the incubation, the trachea and large conducting airways were resected and the remaining lung tissue was minced in the presence of 250 µg/ml DNase I (Sigma Chemical) to prevent cell clumping. The resulting lung mince was then sequentially filtered through gauze, 150-and 15-pm nylon mesh. Cells were centrifuged (200g for 5 mM) and the resulting cell pellet was resuspended in DMEM at 3 x 106 cells/ml.
To separate mononuclear cells from the type H cells, the isolated cell suspension was then added to IgG-coated (500 µg/ml x 3 h) Petri dishes for 1 h at 37°C. The unattached type II cells were removed and centrifuged (200g for 5 mM). The isolated type II cells were resuspended in DMEM plus 10% FBS at 106 cells/ml and plated on either 100-mm tissue culture plates or 24-well plates at a density of 3 x 105 cells/cm'.
Purity of the type II cell populations was determined by staining for cell surface alkaline phosphatase activity [10] . All type II cell cultures were greater than 85% pure by this method, with a mean of 88.7 t 3.1% type II cells in the isolated cell populations.
PC adherence assay. PC adherence to cultured type H alveolar epithelial cells was quantified using a modified version of our previously described method [15] [16] [17] [18] . Freshly isolated PC trophozoites were incubated for 18 h in 2 ml of DMEM containing 0.5 ml of FCS and 50 pCi of 'Cr sodium chromate (New England Nuclear, Boston, MA). Following incubation the 'Cr-labeled PC suspension was washed 4x to remove unincorporated 51Cr and resuspended in DMEM at 20 x 106 PC organisms/ml.
Type II cells were plated in DMEM + 10% FCS on 24-well tissue culture dishes at a density of 3 X 105 cells/cm2. Initial studies were performed to determine PC attachment to type II cells on culture Days 2, 5, 8, and 10. 'Cr-labeled trophozoites (2 x 106) were added to each well of type II cells and incubated at 37°C for 4 h. Following the incubation, the medium, containing nonadherent PC trophozoites, was removed and saved. The cell monolayer was then washed 3x with 1 ml of DMEM to remove nonadherent organisms. The cell monolayer, containing bound trophozoites, was disrupted using 10% Triton X-100 (Sigma Chemical, St. Louis, MO) and saved. ''Cr-labeled PC organisms were quantified in each fraction (Beckman 5500 gamma counter) and percentage attachment was expressed as follows: percentage attachment = A/(A + B) x 100, where A = "Crlabeled PC bound to the type II cell monolayer and B = 'tr-labeled PC free in the medium. All experiments were performed in triplicate and repeated on four separate PC isolates.
Experiments were then performed to determine the role of extracellular matrix proteins and integrins in PC adherence to cultured type II cells. Culture Day 8 type II cells were preincubated for 1 h in either DMEM alone or DMEM with 50 µg/m] of rabbit-derived polyclonal antibodies to Fn, laminin, or type IV collagen (Calbiochem). In additional experiments, the type II cells were preincubated with 10 µg/ml of monoclonal blocking antibodies to either the a 2 , as, or a, integrin subunits (GIBCO-BRL). Following the preincubation period, the medium containing the antibodies was removed from the type II cells and replaced with fresh medium. PC attachment was then quantified as described above.
Isolation of type II cell membrane integrins. Freshly isolated rat type II cells were plated at a density of 3 x 105 cells/cm' on 100-mm culture plates in DME + 10% FCS. On either Day 2 or Day 8 of culture, cell membranes were isolated. The cells were washed 3x with ice-cold PBS + 20 mM EDTA and then incubated for 30 mM in PBS + EDTA to detach the cells from the plates. Following detachment the cells were pelleted by centrifugation (200g for 5 min) and resuspended in cell lysis buffer (100 mill Tris, 100 mM octylglucoside, pH 7.5). Following a 5-mM incubation on ice, cell fragments were pelleted by centrifugation (12,000g for 5 mM) and the solubilized cell membrane integrins in the supernatant were saved for subsequent. Western blotting. Protein concentrations of the membrane fractions were determined by the Bradford method using bovine serum albumin as a standard (Bio-Rad protein assay).
Western blot of type II cell membrane preparations. Aliquots (20 ug) of the type II cell membrane preparations were separated as previously described [18] by nonreducing SDS-PAGE on 8% polyacrylamide gels in buffer containing 25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3. Proteins were then transferred to nitrocellulose membranes overnight at 4°C in Tris-glycine buffer and blotted with polyclonal antibodies to either the as or a, integrin subunit (Chemicon, La Jolla, CA). Secondary antibodies conjugated to alkaline phosphatase were then added and visualized using a chemiluminescent substrate reaction (Bio-Rad Laboratories). The relative intensities of bands visualized on the Western blots were quantified by densitometry (Bio-Rad GS-670 densitometer).
Statistics. Results are expressed as mean ± SEM. Statistical analysis of the data was completed by ANOVA and pair-wise comparisons were performed using Fisher's LSD. Statistical significance was accepted for P < 0.01.
RESULTS
Isolated rat type II cells cultured on plastic differentiate into a type I cell-like phenotype after 4-7 days in culture [11] . The changes in morphology include loss of the native type II cell cuboidal morphology and development of the cytoplasmic spreading typical of type I cells in vivo (Fig. 1) .
PC attachment to isolated rat type II alveolar epithelial cells was quantified in type H isolates as a function of time in culture. PC attachment to type II cells increased from 2.3 ± 1.2% on Day 2 in culture to 18.4 ± 2.7% (P < 0.01 compared to Day 2 attachment) on Day 8 in culture (Fig. 2) . There was no evidence of type II cell-induced toxicity to the PC organisms as quantified by release of 51Cr from the organisms. There was also no further increase in PC attachment with increased culture time of the type II cells.
To investigate the role of extracellular matrix pro- teins in mediating PC attachment to cultured type II cells, attachment of PC to Day 8 type II cells was quantified in the presence or absence of polyclonal anti-Fn, anti-laminin, and anti-type IV collagen antibodies. Addition of anti-Fn resulted in a decrease in PC attachment from 19.4 ± 2.5% to 9.4 ± 1.8% (P < 0.01), while addition of the anti-laminin and anti-type IV collagen antibodies did not significantly effect PC attachment to the cultured type II cells (Fig. 3) . These data demonstrate a similar anti-Fn-mediated decrease in PC attachment to cultured type II cells as previously seen for PC attachment to a lung epithelial cell line [15, 17] . Therefore, it appears that Fn acts as a mediator of PC attachment to both in vitro differentiated type II cells as well as to lung-derived epithelial cell lines. Expression of Fn-binding integrins on alveolar epithelial cells has not been well established; however, the inhibitory effects of anti-Fn antibodies on PC attachment led us to investigate the role of integrins in PC attachment to cultured type II cells. To determine whether Fn-dependent PC attachment was mediated by Fn-binding integrins, PC attachment to Day 8 type II cells was quantified in the presence of blocking antibodies to the av and a5 integrins, which comprise the a-subunits of the Fn-binding integrins a5,81 , avOi and ay/36 . Addition of the anti-a5 integrin subunit antibody resulted in a significant decrease in PC attachment (Fig. 4 ) from 18.7 ± 1.9% to 9.3 ± 1.1% (P < 0.01). Similarly, addition of anti-av antibody caused a decrease in PC attachment (Fig. 4) to 5.4 ± 1.7% (P < 0.01). Addition of the combination of anti-a5 and antia, antibodies resulted in an additive inhibitory effect on PC attachment (Fig. 4) . Addition of an isotype-specific control antibody to the a2 integrin, the a-subunit of the collagen binding integrin a9.01, resulted in no significant effect on PC attachment to Culture Day 8 type II cells (Fig. 4) .
We then sought to determine whether the increased attachment of PC to Culture Day 8 type II cells was due to an increase in Fn-binding integrin expression on these cells. Expression of a, and a5 integrin subunits was assessed on type II cells on Day 2 and consistently present on three separate isolates of rat type II cells. The expression of the a" subunit on Day 8 cells was threefold higher (by densitometry) than on Day 2 cells (Fig. 5) , while the expression of the a5 subunit was increased twofold on the Day 8 type II cells compared to cells on Day 2 (Fig. 6) . The increases in cell surface integrin expression on type II cells as the cells differentiate in vitro corresponds to the increase in PC attachment noted above.
DISCUSSION
Attachment of PC organisms to the alveolar epithelium has been recognized as a pathologic hallmark of PC pneumonia. However, previous in vitro studies examining the mechanisms of PC attachment to host cells [15-18, 20, 21] have not used primary cultures of alveo- lar epithelial cells as a target cell for PC attachment. These data are the first to demonstrate attachment of PC to primary culture of alveolar epithelial cells. In addition, PC attachment has been demonstrated to be mediated, at least in part, by Fn through alveolar epithelial cell surface integrins containing the av and a5 integrin subunits.
Alveolar epithelial cells are divided into two distinct cell subsets. The alveolar type I cell is a specialized endmitotic cell which functions as the major gas exchange surface of the alveolus, lining over 90% of the alveolar surface area [6, 7] . PC organisms attach preferentially to the type I cell [5, 22] , leading to cellular injury and disruption of the alveolar-capillary interface [23] . Alveolar type II cells are present within the alveolar space at the corners of the alveolus [6] . Type II cells produce surfactant phospholipids and proteins and have also been implicated in the immune response within the alveolus [12, 24, 25] . Current concepts suggest that type II cells are the precursors for type I cells in vivo [7] .
Isolation of alveolar type I cells has been described, but it is not widely used because the yields are low and the purity of cell populations is suspect [8, 26] . In contrast, isolation of type II cells produces high yields of uniform cells [9, 10, 19, 27] . In vitro differentiation of type II cells into a type I cell-like phenotype has been demonstrated on numerous occasions [11] [12] [13] [14] 28] . In vitro differentiated type II cells express several type I cell-specific surface markers including binding sites for the lectin Ricinus comunis I [13] and type I cell-specific monoclonal antibodies [28, 29] .
PC organisms attach primarily to type I cells in vivo [5, 22] Further studies will be necessary to extend these results to an vivo model of PC infection.
Expression of Fn-binding integrins on alveolar epithelial cells has been debated for several years. Early studies showed that Fn binds to isolated alveolar epithelial cells via its RGD cell binding domain [32] . More recent histological studies performed on freshly isolated tissue have been less definitive. Fn-binding integrins were not detected on normal alveolar epithelium in two recent studies [33, 34] . In contrast, another recent report demonstrates that freshly isolated alveolar type II cells can be purified by their ability to bind to RGD containing proteins through cell surface integrins [35] . Supporting this, a separate study reported the presence of a, and pi , but not a5, integrins on freshly isolated type II cells [29] . There are no previous reports of changes in integrin expression on type II cells as the cells differentiate in vitro.
The role of cell surface integrins in the pathogenesis of microbial infection has, only recently, been investigated. The intracellular organism Yersinia pseudotuberculosis expresses invasin, a cell surface molecule which binds directly to several 01 containing integrins including the a5/3 1 integrin and facilitates binding and uptake of the organism [36] . Mycobacterium aviumintracellulare has been reported to bind to the a,/33 integrin expressed on the surface of monocytes and macrophages [37] . Integrin-mediated attachment may aid in uptake of M. avium-intracellulare by host macrophages.
Our previous work has demonstrated that PC bind to Fn which may then act as a bridge between the PC organism and the alveolar epithelial cell. Prior studies using the alveolar epithelial cell line A549 demonstrated that anti-Fn antibodies reduced PC attachment by 50-60% in this cell line [15] . Similar data have now been obtained for primary cultures of alveolar epithelial cells. Because anti-Fn antibodies only partially inhibit PC attachment it is likely that PC organisms possess other mechanisms of attachment. In fact, if attachment of PC to the alveolar epithelium is a critical event in the development of PC infection, then it would be anticipated that redundant mechanisms for attachment would be available to the organism. Other possible PC attachment mechanisms may include use of mannose binding proteins [38] , surfactant protein A [39] , or vitronectin [21] to mediate attachment. Each of these factors is present within the alveolus and has been reported to effect PC attachment to lung cells in vitro.
The results of these studies verify that alveolar epithelial cells express Fn-binding integrins and that these integrins act as essential mediators of PC attachment. In addition, our data indicate that the preferential attachment of PC to type I alveolar epithelial cells may be due to differences in expression of Fn-binding integrins between type I and type II cells. Further investigation of the type I cell-specific mechanism of PC attachment may lead to highly specific and effective new therapies for the prevention and treatment of PC pneumonia.
